Ampli®cation of the copy number of oncogenes is frequently associated with tumor progression. Often, the ampli®ed DNA consists of large (tens to hundreds of kilobases)`head-to-head' inverted repeat palindromes (amplicons). Several mechanisms have been proposed to explain palindrome formation but their relative contributions in nature have been dif®cult to assess without precise knowledge of the sequences involved at the junction of natural amplicons. Here, we have sequenced one such junction and compared this sequence to the un-rearranged structure, allowing us to pinpoint the site of sister chromatid fusion. Our results support a novel model, consistent with all described sister chromatid fusions, in which sister chromatid fusion is initiated by microhomology-mediated end joining of double strand breaks.
INTRODUCTION
Failure to properly repair DNA double-strand breaks (DSBs) is a major cause of genomic instability (1±4). Sister chromatid fusion, ®rst described by McClintock (5) is a signi®cant component of mis-repaired DNA damage associated with genomic instability. During anaphase, di-centric fused sister chromatids have been observed microscopically to be pulled in opposite directions, directly leading to re-breakage. In the next cell cycle, the broken chromosome is replicated, and the sister chromatids refuse. This cycle continues until telomeres are restored to the chromosomes (6) . The clonal descendants display a genomic instability phenotype (7) .
Sister chromatid fusion can result in gene ampli®cation, providing a selective advantage for clonal descendants (8) . For example, Chinese hamster cells growing in the presence of toxic levels of methotrexate (MTX) suffer DNA damage because the MTX inhibits the dihydrofolate reductase (DHFR) gene resulting in imbalances in nucleotide pools (9±12).
Occasionally, breakage of hamster chromosome 2, containing the DHFR gene, leads to multiple copies of the DHFR gene and survival of the DHFR over-expressing clones. Trask and Hamlin (8) have demonstrated that the hallmark of this form of gene ampli®cation is a homogeneous staining region (HSR) expanding distally from the original location of the unampli®ed gene.
Sister chromatid fusion is thought to result from inappropriate DNA DSB repair, but the repair mechanism has not been clear. Studies in both yeast (13, 14) and mammalian cells (15) suggest that DSBs arising near inverted repeats can lead to sister chromatid fusions through intra-molecular homologous recombination. In mammalian cells, integration of plasmids containing inverted repeats and an inducible DNA DSB site beyond the inverted repeats led to sister chromatid fusion following induction of breakage near the repeats (15) . The proposed mechanism is that exo-nucleolytic digestion of one strand exposes the other for homologous recombination and, rather than initiating recombination with the homologous chromosome, the exposed single strand folds back via the inverted repeats (Fig. 1) . Subsequent DNA replication would produce fused sister chromatids, consisting of a palindromic di-centric chromosome with an asymmetric region¯anked by inverted repeats at the junction. This is an attractive model, but there is no evidence that such inverted repeats exist at natural sister chromatid fusion sites (below) and another study has suggested that they are not necessary. Murnane and colleagues (6, 16, 17) studied telomere loss by inserting the Herpes simplex thymidine kinase (TK) gene near telomeres. Selection for loss of the TK marker gene suggested that telomere loss is common and generally leads to sister chromatid fusion cycles lasting until new telomeres are added (6) . However, no inverted repeats or signi®cant regions of homology were found at the recombination sites, leading these authors to conclude that sister chromatid fusion resulted from non-homologous end joining (NHEJ).
Unfortunately, very little data concerning natural sister chromatid fusions has been collected, mainly because identifying the exact breakpoints in large chromosomes is prohibitively labor intensive. Ampli®ed DNAs (`amplicons') in drug resistant cells have been studied intensively (8,18±20). Amplicons can be as large as 10 Mb and are frequently organized as either inverted or tandem repeats located on expanded chromosomal arrays. The inverted repeats are thought to arise from sister chromatid fusion. Many of these amplicons have been cloned as part of an effort to understand the mechanism of their formation. However, only two such amplicon junctions have been sequenced and compared to the unampli®ed chromosomal sequence (21, 22) , but no regions of extensive homology or inverted repeat sequences were identi®ed. Therefore, these natural sister chromatid fusions are more similar to the telomere fusion structures described by Murnane and colleagues (17) than the inverted repeat/ homologous recombination model proposed by Tanaka et al. (15) .
Recently, microhomology-mediated end joining was reported to be involved in ampli®cation of the c-myc gene following non-sister chromatid fusion. Mice de®cient in p53 and either Ku (23) or XRCC4 (24) develop lymphomas. RAGmediated DSBs are mis-repaired via microhomologymediated end joining fusion of c-myc and IgH leading to a di-centric chromosome and ampli®cation similar to the process described above for sister chromatid fusion. Both Ku proteins and XRCC-4 are required for NHEJ. NHEJ is the primary DSB repair pathway in mammalian cells, but these results suggest that microhomology-mediated end joining uses a repair system other than NHEJ.
The head-to-head DHFR amplicon in a Chinese Hamster Ovary (CHO) cell line (CHOC 400) has been used as a model amplicon for many studies of gene ampli®cation and its structure generally supports the sister chromatid (`break± fusion±bridge', BFB) model of gene ampli®cation (8) . CHOC 400 cells contain~500-fold ampli®cation of the DHFR gene (25) . The amplicons are arranged in either head-to-head or head-to-tail orientation. Two types (Type I and Type II) of head-to-head variety are described by the Hamlin group, with Type II constituting 75% of the amplicons in CHOC 400 (26) . Since Type II amplicons contain Type I junctions, Type I is believed to have preceded Type II (27) . However, both are found in the earliest analyzed sub-clones preceding the derivation of CHOC 400, indicating that these break points arose very early during the ampli®cation process. To determine whether this amplicon could have resulted from a chromosome break near an inverted repeat, we determined the DNA sequence near the more prevalent Type II junction of one of the primary head-to-head DHFR amplicons in CHOC 400, and compared it to the unampli®ed chromosomal sequence in CHO cells. We report here that the sequence at the breakpoint indicates that the head-to-head amplicons were the result of the joining of two sister chromatids via a 2 bp overlap (microhomology) at sites separated by 4 kb. We propose that microhomology-mediated end joining can account for this and all other described sister chromatid fusions.
MATERIALS AND METHODS
Cell culture, DNA isolation and Southern blotting CHOC400, CHOAA8 and CHOK1 were all maintained with DMEM + 5% FBS, as previously described (28) . CHOC 400 contains 1000 copies of the DHFR locus present as stable HSRs, generated by stepwise selection in MTX up to 400 mg/ ml, as described in several reports, which are reviewed by Hamlin et al. (25) . Genomic DNA was isolated as described (29) . For Southern hybridization, DNA was cleaved with PstI, subjected to electrophoresis in a 1% agarose gel containing TBE (Tris-borate EDTA), transferred to Hybond N+ (Amersham) nylon membranes and hybridized with puri®ed DNA fragments, which were labeled with 32 P using a randompriming kit (Ambion).
Sequence analysis and PCR
The sequencing of cosmid H2 (26) , that includes the head-tohead junction of the CHOC 400 Type II amplicon was part of a project to sequence 120 kb of the CHO DHFR locus, and will be reported elsewhere (Y.O. and D.M.G., in preparation). To visualize the junction point, Pustell (dot) matrix analysis was performed using the software MacVector (Oxford Press) with Figure 1 . Intramolecular homologous recombination model for sister chromatid fusion. After a DSB, attempts to undergo homologous repair will result in exonucleolytic digestion of the 5¢ strand of the centromeric fragment to facilitate single strand invasion by the 3¢ strand. If this strand fails to ®nd the homologous chromosome, intra-strand pairing can occur to generate a hairpin structure. After replication, this structure will be converted to a di-centric chromosome, which leads to gene ampli®cation through BFB cycles (adapted from 15). (27) . Black bar denotes the region analyzed in (B). (B) Sequences containing the junction connecting the Type II amplicons, which contained a 4 kb asymmetric region, were subjected to Pustell matrix analysis, revealing that the asymmetric region is¯anked on one side with 15 copies of a 40 bp repeat, each of which contains a Pst1 cleavage site, and on the other side with two copies of the identical 40 bp repeat in an inverted orientation. (C) Sequence of the 15mer and dimer inverted repeats. The shaded region indicates the Pst1 cleavage sites. Boxed nucleotides vary from the consensus sequence. Note that the dimer contains the same polymorphic nucleotides as the ®rst two repeats of the 15mer. the following conditions: Window size: 30, Min. % Score: 65, Hash value: 6, Jump: 1). Tandem Repeats Finder (30) was used to ®nd a consensus sequence for the PstI Box. The positions of hamster msh gene exons were predicted by comparison of mouse cDNA (GenBank accession no. NM-010829 and M80360), mouse genomic sequence (GenBank accession no. NW_000085), and human genomic sequence (GenBank accession no. NT_006713). Hamster exon numbers were named according to that of mouse and human. For the sequence between exons 7 and 8 of MSH3, PCR products indicated in Figure 4 were sequenced and this sequence has been submitted to GenBank (accession no. AB124804). Annealing temperatures for primers are described in the ®gure legends. Primer sequences are as follows: primer 1, 5¢-GAGTTCGTAACCACTGAGCC-3¢; primer 2: 5¢-TTCAAATGAGACCCAAACTC-3¢; primer 3, 5¢-AGGCTGTTACTTCTGTGC-3¢; exon 8 primer, 5¢-GGAAGCAGAGTCCTGGAA-3¢.
RESULTS
The primary DNA sequence of the junction region of the DHFR type II head-to-head amplicon in CHOC 400 cells, previously localized by restriction mapping (18, 26, 27, 31) , revealed an~4 kb asymmetric region bounded by 40 bp repeats (Fig. 2) . Fifteen tandem copies of the 40 bp repeats are on one side, and two tandem copies in an inverted orientation are located on the other side. This was an intriguing ®nding, since this sequence organization is exactly as predicted by the intramolecular recombination model (15) , if the break occurred just outside the repeats (Fig. 1) . However, since the sequence shown in Figure 2 was derived from a cosmid, it was necessary to determine whether this inverted repeat organization is also present at the junctions of Type II amplicons in the CHOC 400 genome and whether it is present in the wild type CHO genome, prior to ampli®cation. First, PCR primers (primers 1 and 2, Fig. 3A ) were designed to detect an 808 bp fragment encompassing the larger of the two inverted repeats (15 copies of 40 bp). Results con®rmed the presence of an ampli®cation product of the appropriate size in both CHOC 400 (Fig. 3B ) and in two independent un-ampli®ed CHO cell lines (Fig. 3C) . The presence of a PstI cleavage site within each of the 40 bp repeats allowed for the unambiguous identi®cation of this PCR ampli®cation product without DNA sequencing by demonstrating that it is cleaved by PstI into a prominent 40 bp band plus two fragments corresponding to the sizes of the two end PstI bands (Fig. 3D) . Therefore, the larger of the two inverted repeats is present in both CHOC 400 and the unampli®ed CHO genome.
Due to the inverted repeat organization of the ampli®cation junction, primer 1 alone can be used to amplify the entire 4 kb asymmetric region. Under these conditions, a 4 kb band can be seen following ampli®cation with CHOC 400 genomic DNA, but not with CHO DNA (Fig. 3E) . This is expected since the inverted repeat structure of sequences included in primer 1 results from the ampli®cation process and so should not be repeated in the unampli®ed genome. This result also provides evidence that the PCR-ampli®ed bands are not due to contamination by cosmid DNA but are only present in appropriate genomic DNA preparations. Further analysis of the smaller of the two inverted repeats (two copies of 40 bp; primers 1 and 3) revealed the presence of an appropriate sized PCR fragment in CHOC 400 genomic DNA (Fig. 3F) . Therefore, both the 15mer and the smaller dimer of 40 bp repeats are present in CHOC 400 cells, and at least the larger of the two is present in the unampli®ed genome. This strongly suggests that the fusion site is directly on one side or the other of the inverted repeat dimer (between primers 1 and 3), but does not reveal whether or not an inverted repeat was present prior to chromosome breakage, as would be predicted by the model shown in Figure 1 . It is possible that the fusion took place adjacent to primer 3; the smaller inverted repeat dimer could have been a fortuitous consequence of sister chromatid fusion.
To determine whether the smaller repeat dimer is present in the unampli®ed genome, and in an inverted orientation to the larger one, we exploited the fact that the amplicon head-tohead junction is in the highly conserved msh3 gene. The sequence is known for both mouse and human, but not for hamster. The 4 kb asymmetric region contains sequences highly similar to the mouse exon 7 and human exon 7 of the mismatch repair 3 gene. Therefore, we selected highly conserved sequences in the predicted downstream exon 8 of the msh3 gene to use as PCR primers paired with primers from the asymmetric sequence. One of the exon 8 primers, when combined with primer 3, ampli®ed a band with CHO genomic DNA. The sequence of this PCR product was compared to the CHOC 400 sequence (Fig. 4) . The CHO genomic sequence did not contain the 40 bp inverted repeat dimer. Rather, the CHOC 400 DNA sequence diverges from the CHO DNA sequence immediately (the ®rst nucleotide) before the 40 bp repeat dimer, indicating that the dimer is part of the larger inverted repeat structure, not the asymmetric region. Therefore, the smaller 40 bp inverted repeat dimer was not present prior to sister chromatid fusion and so could not have been part of a putative fold-back structure. Note that there is a 2 bp ambiguity in the precise nucleotide position of the fusion site (shaded AC in Fig. 4) , where the sequence in the contiguous unampli®ed DNA is the same as the repeat, consistent with microhomology-mediated end joining (see Discussion).
Since amplicons can contain DNA that is not derived from the original genomic locus (complicons) (24) , it was important to con®rm by Southern blotting that the asymmetric region of the head-to-head junction was present in the wild type CHO DNA, but that the smaller inverted repeat (dimer) was not. CHOC 400 and CHO DNA were both cleaved with PstI, and probed with labeled plasmid DNA containing the junction region. PstI cleaves the CHOC 400 Type II amplicon junction into four hybridizing bands, one of which (513 bp) is created by the presence of the 40 bp inverted repeat dimer. If the 40 bp dimer is not present in CHO then the 513 bp fragment will not be observed but a larger fragment will be present instead. The complete sequence of wild type CHO DNA between primer exon 8 and primer 3 (not shown) predicts that this would be a 1244 bp Pst1 fragment. Results (Fig. 5) revealed that the 513 bp band was present in CHOC 400 but not CHO DNA, while a larger band, of the size predicted by the wild type sequence (1244 bp), was present in both DNA samples. This larger band was present in molar equivalents to the other bands in CHO, but was signi®cantly less represented in CHOC 400. Since CHOC 400 contains other amplicons (25% of total) that are not broken in this region, the 1244 bp band in CHOC 400 represents a combination of the remaining two unampli®ed single copy and~250 amplicons that are not Type II, while the 513 bp band represents the fraction (~75% or 750 copies) of amplicons organized into Type II. This experiment con®rms that the asymmetric 4 kb sequence at the type II amplicon head-to-head junction is derived from the msh3 gene upstream of DHFR in CHO DNA and that it does not include an inverted repeat structure. Note that the probe in this experiment contains the Pst1 repeat, and no other bands were noted, indicating that this unusual repeat is unique in the hamster genome.
DISCUSSION
Two very different models for sister chromatid fusion have been presented based on the results of independent studies with ectopically integrated plasmids containing engineered sites at which a DSB could be induced. In one case (15), inverted repeat structures contained within these plasmids promoted the formation of large palindromes, leading to a model in which such structures present near a break point would lead to intramolecular homologous recombination through a fold-back hairpin structure which after replication would produce di-centric fused sister chromatids (Fig. 1) . In the second study (17) , sister chromatid fusions were proposed to be the result of extensive degradation (kilobases) and NHEJ. The purpose of the study described here was to determine whether a naturally occurring amplicon consisting of large palindromes would support either of these models. Comparison of the cloned sequence from one such amplicon junction with the unampli®ed chromosomal DNA sequence revealed that the sister chromatids were joined at a site of 2 bp overlap, with no signi®cant region of inverted repeat homology present prior to fusion. For the reasons elaborated below, we propose that sister chromatid fusion is initiated by microhomology-mediated end joining of DSBs.
The intramolecular homologous recombination model of palindrome formation (Fig. 1) predicts that ampli®ed genes would be organized in head-to-head amplicons, with an asymmetric junction containing the inverted repeat which initiates sister chromatid fusion. Our data indicate that the head-to-head junction in the DHFR amplicon in CHOC 400 cells contains a relatively long asymmetric region, but no inverted repeat longer than a 2 bp AC overlap. A literature search for other studies that have sequenced naturally occurring inverted repeat amplicon junctions revealed, surprisingly, only two (21, 22) . Both amplicon junctions share similar features to the one described here. Both have asymmetric sequences (157 and 862 bp) and no inverted repeat. Importantly, both have trinucleotide microhomologies joining the two asymmetric sister chromatids. Therefore, although the asymmetric region predicted by the intramolecular recombination model (Fig. 1) is present in all sister chromatid fusions, none contains a signi®cant region of inverted repeat homology. However, all these junctions are consistent with microhomology-mediated end joining.
Genetic studies strongly suggest that microhomologymediated end joining is accomplished by the homologous repair system rather than the NHEJ repair system (albeit these systems may share some common subunits). Mice de®cient in key components of the NHEJ system (Ku proteins, or XRCC4) that are also p53-de®cient develop ampli®ed c-myc genes with inverted repeats joined by microhomology-mediated end joining (23, 24) . In contrast, murine embryonic ®broblasts de®cient in genes required for homologous recombinational repair (e.g. Brca1) cannot carry out microhomology-mediated end joining (32) . Therefore, there is genetic precedent for the idea that homologous recombination can lead to sister Figure 4 . DNA sequence of the breakpoints. To determine whether the smaller repeat was present in CHO genomic DNA, Primer 3 and a primer based on conserved sequences from exon 8 of the msh 3 gene in human and mouse were used to PCR amplify a CHO genomic fragment. The sequence of this fragment was identical to the corresponding CHOC 400 sequence up to the point at which the CHOC 400 DNA reached the repeat dimer, and diverged thereafter. Note the 2 bp (AC) overlap (light gray box), at the point of divergence. This is the junction between the two sister chromatids, which forms a region of microhomology between this region and the repeat region 4 kb upstream. The sequence of the CHOC 400-speci®c dimer repeat is underlined, with the Pst1 sites more deeply shaded. Hence, the unrearranged sequence does not contain the Pst1 repeats. Only the DNA sequence in the vicinity of the breakpoint is shown. Figure 5 . Southern hybridization of CHOC 400 and CHO genomic DNA in the region of the sister chromatid fusion. CHOC 400 and CHO genomic DNA were digested with Pst1 and subjected to Southern hybridization, using the probe indicated by the dark lines. The probe is derived from CHOC 400 DNA and spans the junction region; hence, the dashed interruption indicates where the probe will not hybridize in the unrearranged state. The Pst1 cleavage sites in the region are shown in the map above the hybridized membrane. The question mark indicates the Pst1 cleavage sites that would be present if the second 40 bp repeat is present in the CHO genomic DNA. The complete sequence of both CHO AA8 and CHO K1 DNA between primer Exon 8 and primer 3 (not shown) predicts a 1244bp Pst1 fragment for wild-type DNA, which is consistent with what is found by Southern hybridization. Pst1 fragments smaller than 100 bp are not visible in this experiment. chromatid fusion, but through microhomology rather than intra-molecular homologous recombination through inverted repeats.
We suggest the following model for sister chromatid fusion (Fig. 6) . First, after a chromosome break, a failed attempt at homologous recombinational repair takes place, during which single strand exonuclease digestion normally occurs to facilitate strand invasion. If a telomere is not placed on this free end prior to DNA replication, two uncapped sister chromatids are formed, and the exonuclease-digested 5¢ strand becomes slightly shorter than the other (4 kb in the case described here). The two sister chromatids, which are in close sub-nuclear proximity after replication, now form a substrate for Mre11-mediated homologous recombinational repair through microhomologies, the proposed mechanism for microhomology-mediated end joining (33, 34) . This process would result in an asymmetric junction joined by microhomologies, which is consistent with the three known naturally occurring amplicon junctions. As discussed for non-sister chromatid fusion, this model requires that cells ®rst be rendered p53 de®cient to avoid checkpoint responses during the initial failed attempt at HR repair (23, 24) , which is consistent with the genotype of CHOC 400 cells (35) and the fact that active p53 inhibits gene ampli®cation (36, 37) . Interestingly, this model is also consistent with the results of arti®cially induced telomere fusions of Murnane and colleagues, who identi®ed small homologies at the sites of sister chromatid fusion (17) . In their study, most of the fused sister chromatids differed in length by several kilobases, and in all cases the joining site was many nucleotides from the break site, also as predicted by this model. Finally, this model is also consistent with sister fusions induced by breakage near a region of inverted repeat homology (15) , except that the region of homology is larger than what would normally be considered microhomology.
In conclusion, the DNA sequence for the junction between the inverted repeats in CHOC 400 cells is consistent with a mechanism relying on microhomology-mediated end joining. We do not know why the fusion point in this cell line took place within a conspicuous and apparently unique direct repeat (Pst1 box). This repeat does not hybridize to any other genomic locations in the Chinese hamster genome (Fig. 5) , or in the human and mouse genomes (not shown), indicating that it cannot be a common signal for chromosome break sites. Its presence may be fortuitous. Alternatively, the nature of the sequences contained within the repeat may have slowed the exonuclease processing of the 5¢ end after the initial break (step 2 in Fig. 6 ). However, the general resulting structure predicted by this model is that of two sister chromatids joined by an asymmetric region with the junction consisting of a short region of microhomology. It will be interesting to test this model by examining the structure of additional natural amplicon junctions compared in cells with and without the functional proteins involved in this mechanism, such as Mre11. Figure 6 . Microhomology-mediated recombination model for palindrome formation. The ®rst two steps are identical to the intramolecular homologous recombination model (Fig. 1) . However, instead of intramolecular recombination, DNA replication produces two sister chromatids of unequal length. The Mre11 complex then binds to the ends of the sister chromatids, and its 3¢ exonuclease activity exposes the 5¢ strands until regions of microhomology are reached, which stabilize the complex (33, 34) . At this point, enzyme systems that repair single strand gaps could complete the repair, as described (38) . This produces a di-centric chromosome, which leads to gene ampli®cation through BFB cycles as proposed by others (8, 15, 19) .
